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ABSTRACT: Electrochemical CO, separation is drawing attention as a promising
strategy for using renewable energy to mitigate climate change. Several studies have
shown that the minimum energy input thermodynamically required for such
separation, either via pH-swing or nucleophilic binding of CO, to a charge carrier,
can be very low (<100 kJ molcp,~!). Nevertheless, understanding how measured

energetic costs are likely to vary as a function of various electrochemical and
separation process parameters in practical applications is not fully understood. In
this study, we first show that the minimum energy required to execute any
electrochemical CO, separation cycle is a function of the exergy losses incurred by

exergy loss analysis
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the entry of CO, into the electrolyte (from a dilute inlet feed) or the release of CO,
from the electrolyte (into a more concentrated exit stream). These exergy losses
can be calculated based on the trajectories of solution- and gas-phase
concentrations of CO, throughout a given separation cycle; they do not depend
on the separation mechanism (i.e., whether related to pH-swing or direct binding of CO, to a nucleophilic charge carrier). Then, we
develop a zero-dimensional model of pH-swing-driven CO, separation in a flow cell, which incorporates the physics of reactive CO,
capture into alkaline media with the cell’s electrochemical operation. From the output of the model, we show how the overall
energetic cost of separation can be decomposed into distinct contributions arising from exergy and other flow cell-specific losses (i.e.,
to interfacial charge transfer, mass transport, and Ohmic resistance of the cell). Variations in energetic cost as a function of CO,
removed, current density, and the rate constant of CO, hydroxylation are explored. Our investigations reveal that when CO, capture
is rate-limiting for the overall separation process, the trade-off/relationship between energy input and the CO, throughput is strongly
dictated by the difference between the time allotted for CO, invasion during cycling and the time required for reactive capture of
CO,. When those timescales are comparable, the energy input and CO, throughput are optimally low and high, respectively. Our
work contributes toward ongoing efforts to design electrochemical systems that could meet the techno-economic requirements for
practically viable CO, separation.

KEYWORDS: exergy, CO, capture, CO, release, pH swing, CO, productivity

B INTRODUCTION

CO, emissions from fossil fuel combustion have increased

The most established methods of CO, separation involve
reactive capture using strongly nucleophilic or alkaline
sorbents, followed by thermal regeneration of the sorbent at
high temperatures and simultaneous release of pure CO,.
Various embodiments of this cycle have been demonstrated
using amines and caustic soda (>2 M NaOH) for CO, capture

sharply since the Industrial Revolution, resulting in a rapid rise
in global average temperatures and a disruption in long-
standing climate patterns."””> Unfortunately, the societal

transition away from fossil fuels to renewable or otherwise
carbon-neutral sources of energy is not occurring rapidly
enough to avoid the most severe consequences of climate
change, and certain energy sectors may prove too difficult to
substantially decarbonize in the short term. Recent climate
models indicate that stabilizing average global temperatures to
<2 °C higher than in the preindustrial era is likely to require
CO, capture, from ~10 Gt/year by midcentury to 20 Gt/year
by the end of the century.’ Separation and sequestration of
CO, from point sources, and natural sinks such as the
atmosphere and oceans, is therefore becoming an essential and

urgently required strategy for climate change mitigation.*
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from flue gas6 and air,’ respectively. Unfortunately, the need
for high-temperature (between 200 and 900 °C) heat for
sorbent regeneration poses some practical and fundamental
challenges to widespread implementation. Practically, high-
temperature heat is most conveniently provided by fossil fuel
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combustion. This imposes additional energetic costs, either to
co-capture the additional CO, or to separate oxygen from air
for oxy-fuel combustion. More fundamentally, the energy
efficiency of heat-to-work separation faces an intrinsic
(Carnot) limit that is less than unity,® which results in high
thermal energy costs, up to 390 kJ molco ™" for direct air

capture (DAC) of CO, in pilot-scale plants.”

Electrochemical strategies for CO, separation’ are attractive
because they are not subject to a Carnot efliciency limit and
may run directly on renewable electricity, which is becoming
increasingly inexpensive. Many approaches for electrochemical
CO, capture from flue gas, air, and seawater have been
proposed, with the vast majority of them falling under two
broad categories: (1) pH swing/gradient methods, which take
advantage of the disparate aqueous solubilities of (bi)-
carbonate ions and neutral CO,, and their pH-dependent
speciation,'’™"* and (2) reversible nucleophilic binding
between redox-active sorbents or sorbent mediators, and
C02.16—19

Attention has recently been paid to modeling how the
minimum work thermodynamically required to execute a given
separation cycle depends on such factors as binding energetics
of the sorbent to CO,, and the degree to which solution-phase
CO, is allowed to equilibrate with CO, in the gas
phase.'”*°™** These studies have also shed light on sorbent
solubilities that would be required for CO, separation from air
vs flue gas, and trade-offs between thermodynamic efficiency
and sorbent utilization.”® Tt is typically assumed in these
reports, however, that at every step in the separation cycle,
sorbent-bound CO, exists either in equilibrium with its gas-
phase concentration or in complete disequilibrium. The
resulting minimum work then depends on the combination
of binary choices adopted for each step of a given separation
cycle. In practice, the degree to which CO, equilibrates with its
gas-phase composition will vary along the spectrum between
these two extremes and will depend on the timescale required
for the release or reactive capture of CO, compared to that for
redox cycling or activation/regeneration of the sorbent. How
these timescales compare will depend on whether a pH-swing
or nucleophilic binding approach is used, the relevant sorbent-
CO, binding energetics and kinetics, and whether a
homogeneous catalyst is present, among other factors. As
such, there is a need to understand how the minimum CO,
separation work will vary in situations where partial
equilibration between gas- and liquid-phase CO, is allowed.
Beyond analyses of minimum work, there is also a pressing
need to understand how additional kinetic losses necessary to
drive a specific current density contribute to the total
separation work that would be measured in real electro-
chemical systems. Understanding how this total work varies as
a function of separation process parameters (e.g, partial
pressure of the CO, feed and the fraction of CO, removed
from it), the properties of the electrochemical cell, and the
cycling protocol is critical for designing electrochemical CO,
separation for high energy efliciencies at acceptable through-
puts.

The Second Law of Thermodynamics requires that the
minimum work of electrochemical CO, separation over a given
cycle is the sum of the net increase in the level of CO, exergy
and exergy losses incurred during CO, capture and release.
This requirement applies regardless of the mechanism for CO,
capture (i.e, whether based on pH swing or nucleophilic

binding), and provides a context within which the influence of
a fluctuating CO, equilibrium on the minimum work can be
discerned. In this work, we derive expressions for the exergy
losses based on the trajectories of solution- and gas-phase
[CO,] and demonstrate that they reveal constraints on certain
physicochemical properties (pK, CO, binding constant, and
solubility) of molecules that could enact CO, separation.
Then, by modifying a zero-dimensional model that we have
recently developed for organic flow batteries,”* we also
simulate the total work required for pH-swing-driven CO,
separation from flue gas and air using proton-coupled electron
transfer (PCET).'”'"*® We show that this work is readily
understood in terms of distinct contributions from thermody-
namic and kinetic (including exergy) losses. Our results
provide guidelines for designing high-efficiency, high-through-
put electrochemical CO, separation systems and add to the
growing body of research demonstrating the utility of exergy
loss/entropy generation analysis for applications in energy
storage and chemical separations.”**’

B RESULTS AND DISCUSSION

Theoretical Considerations. Regardless of the electro-
chemical CO, separation mechanism (i.e., whether related to
pH swing or nucleophilic binding to CO,), the minimum work
thermodynamically required to separate CO,, Wiemo (KJ
molcoz_l), is the sum of the net increase in CO, exergy and

exergy losses incurred over the course of a separation cycle.
Exergy is the maximum useful work that is theoretically
recoverable from a system with respect to its environment. The
separation of CO, increases its exergy because it is
concentrated from lower to higher partial pressure (Pco,) or

pCO,. The minimum theoretical work required for this
increase in exergy at a constant temperature (Wmin,theor) is
the absolute difference in the free energy of CO, between its
dilute and concentrated states. Assuming an infinite CO,

source (inlet) and sink (exit), Wy, eor is defined as™®

W PCOZ,exit

min, theor

=RT In
PCOZ,inlet (1)

Here, CO, is absorbed from an inlet gas reservoir with a CO,
partial pressure of Pcg iy concentrated, and released to an

exit reservoir at partial pressure Pco eq; R and T are the

universal gas constant (8.314 ] mol™ K™') and temperature (in
K), respectively. The derivation of and expression for Wmin’them
with a finite-sized inlet (feed) reservoir are given, respectively,
in eqs SI—S8 and eq S9. A cycle consuming Wi, eoWill
proceed at an infinitesimal rate because there would be no
finite gradients in the chemical potential of CO, at the system’s
boundary to drive CO, capture or release. The difference
between Wmin,theor and the minimum work that is thermody-
namically required for a cycle where such gradients may exist
(Wihermo) Tepresents the energy penalty for driving CO,
capture and release at finite rates. Those rates will increase
with increasing Wyemo — Winintheon Tesulting in a trade-off
between the energetic cost and throughput of CO, separation.

As applied to electrochemical CO, separation, the above
argument may be developed by analogizing the electrochemical
cell as a hypothetical mechanical piston—cylinder system with
cylinder walls that can alternate between being permeable to
CO, and non-CO, components of any gas composition
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(Figure 1). The compression step (1 — 2) in Figure 1
corresponds to an increase in the activity of CO, or, assuming
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Figure 1. Hypothetical four-step CO, separation cycle using a
mechanical piston—cylinder system as an analogue of an electro-
chemical cell. The partial pressure of CO, in the system is Pco, jnler at
State 1; after compression, it is Pco, mey (State 2). CO, release to the
exit then occurs until the system reaches Pcq ., after which
expansion results in a decrease to Pco i, CO, capture then
completes the cycle. The compression and expansion steps (blue
arrows) correspond to the electrochemical reduction or oxidation of a
redox-active electrolyte, resulting in changes to [CO,]. During these
steps, the cylinder is permeable only to non-CO, gases. Exergy losses
occur during the CO, release and capture steps (red arrows), where
the cylinder is made permeable only to CO,. Note that Py =

,max =

Peo,exit > Peoyinlet 2 Pcoymin:

ideality, P¢o,. Such an increase would be caused, for pH-swing-
based separation, by electrochemically driven conversion of
(bi)carbonate species to neutral CO,, or for nucleophilic
binding (NB)-based separation, by conversion of a CO,-bound
redox species to a redox state with low affinity for CO,. The
expansion step (3 — 4) corresponds to the reverse of this
process. CO, capture into (4 — 1) or release (2 — 3) from the
system occurs in response to expansion or compression in
accordance with the gradient in Pcq, at the system boundary.

CO, separation cycles in which the compression and release
steps as well as the expansion and capture steps occur
separately comprise four steps. In a three-step cycle, either
CO, compression and release or CO, expansion and capture
are combined into one step. In a two-step cycle, CO,
compression and expansion are combined with CO, release
and capture, respectively.'”*’

In steps 2 — 3 (CO, release) and 4 — 1 (CO, capture),
there is a loss of stream exergy by virtue of the throttled release
or entry of CO, from or into the system. These exergy losses
(i€ Winermo — Winintheor) are equal to the total reversible work
that might have been transferred by the flow of CO,, for
instance, by a hypothetical isothermal turbine interposed
between the system and the environment. Calculating this
reversible work yields Wyemo — Wiintheor Wihermo MY
therefore be computed by calculating W, o based on eqs
1 or S9. Following our previous work, = we define the ratio
between the maximum pressure of CO, after compression

(Pco,max) and the partial pressure of CO, within the reservoir
to which it is released (Pco, o), as the outgassing overpressure

(OP). Analogously, the ratio between the minimum pressure
of CO, immediately preceding CO, capture (Pcq, ) and the

partial pressure of CO, within the inlet feed (Pco jner), is

defined as the invasion underpressure (IU).

Wihermo computed via exergy loss analysis is identical to the
total work transferred by the piston over a cycle (W,
and may be expressed as

echamcal) )

W, =W,

thermo min,theor

+ Vvexergy capture (2)

+ Vvexergy,release
where Wexergy’release and Wexergy capture are the exergy losses during
steps 2 — 3 and 4 — 1, respectively. In Section S2, we

demonstrate analytlcally that for any cycle in which IU = 1,

Wmechamcal - I/V'chermo and also that Wexergy,release is a function of
OP (eq S40).

Minimum Energetic Cost of Electrochemical CO,
Separation Using Exergy Loss Analysis. Because Wiyomo
is the total work transferred by the piston, it is also the total
electrical work transferred by an electrochemical cell (W,qem)
in the analogous separation process. This result is an outcome
of the Second Law of Thermodynamics and should hold
regardless of the mechanism for CO, capture (pH-swing or
NB), and whether or not the compression/expansion steps are
separated from or combined with the CO, capture/release
steps in two- or three-step cycles.'”*"*?

To demonstrate the identity between Wimo and W, gem W
computed both quantities via exergy loss analysis and
electrochemical models for CO, separation via pH-swing
driven by PCET' and via NB.”"** Models describing the
relationship among electrode potential, the state-of-charge
(SOC) of the electrolyte, dissolved inorganic carbon (DIC),
and [CO,] have been comprehensively described in previous
work,'”*"** and important details are recapitulated in Section
S3. A snapshot of the models’ results is shown in Figure SI,
which reports electrode potential and [CO,] vs SOC,
respectively, for four-step cycles of pH-swing (Figure Sla,b)-
and NB (Figure Slc,d)-driven CO, separation from 410 ppm
to 1 bar. By taking the cyclic integrals of the potential vs SOC
curves, we calculated W according to

echem
_ _nFIQ,l

T/Vechem = ¢‘E dSoC
ADICreIeased

3)
where n and [Qg] are the number of transferrable electrons for
and the total concentration, respectively, of the redox-active
molecule, and F is Faraday’s constant (96,485 C mol™"). For
the pH-swing simulation, [Qy] = 1.0 M and 2H*, 2¢~ PCET
was assumed to occur at all pH values. The resulting OP and
IU were 312 and 6.56 X 10° respectively. For the NB
simulation, [Qy] = 0.36 M and the binding constant of the
reduced form of the molecule to CO, (K;) was such that
log(K,,) = 5.43, and OP and IU were 10 and 1000, respectively.
W hem Was calculated according to eq 3 to be 67.1 and 34.1 kJ
molco,”" for the four-step pH-swing and NB cases,

respectively, and these figures were identical to Wyemo
calculated by using eq 2. Figure S2 shows similar results for
simulations of CO,_ separation from 0.05 to 1 bar. The
agreement between Wi, and W, extended to two- and
three-step cycles that enacted capture from 410 ppm (Figure
S3) and 0.05 bar (Figure S4).

Because Wipem = Wihermo eXergy loss analysis _ permits
decomposition of into contributions from Wi, eon
Werergycapturer a0 Wegergy release:  Understanding how  these

components vary with the Pcg oi/Pcoine: ratio, IU, OP,

I/‘Zechem

and other process parameters is important for designing
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separation schemes that optimize the trade-off between the
energetic cost and rate of separation, and for evaluating Wiemo
in experimental measurements. Exergy loss analysis also allows
one to determine, given a minimum permissible Wyemor
whether the pH swing or NB might be more appropriate for
CO, separation. Such a situation may arise if techno-economic
considerations dictate that CO, separation proceeds at a
minimum flux. This minimum flux could translate to a
maximum or minimum [CO,] in the sorbent during capture
or release, from which a minimum Wy,,,,,, can be computed via
eqs S13 and S17.

A minimum permissible Wy,,..,, imposes constraints on the
molecular properties required to execute the CO, separation.
Figure 2 presents the relationship between the pH after

15 . . . . T T T
Work (kJ molgg,™)
Solubility (mM)

i 63.0,400. A ]

68.8,1250 A

-
ES

-
w
T

51.6,74.0 A .

pHde-acidification

-
N
T

40.2,39.3A ]

"r 28.9,35.4 A 1

0o 2 4 6 8 10 12 14
log(K,)

Figure 2. pHj.cdification and log(Ky) for pH-swing- and NB-driven
capture, respectively, for three-step electrochemical CO, separation
cycles (with OP = 1) that yield the same Wy, for CO, capture
from 410 ppm and release to 1 bar.

deacidification (pHyeacidgification) for pH-swing capture (State 4
in Figure 1) in a three-step cycle with OP = 1, and the CO,-
binding constant for NB-based capture that would result in the
same Wipemo- CO, is separated from an inlet feed of 410 ppm
(i.e., Pco, in atmosphere) and IU ranges between 10° and 10"°.

Because W e = Wihermor Winermo Was calculated according to
eq 3. We also considered the separation of CO, from 0.0$ bar
(Figure SS) to simulate flue gas capture. Wi, (in green) and
minimum solubilities for the PCET-active molecule (in
purple) are indicated on the plots and lists of simulated data
points are reported in Table S1 and Table S2 for capture from
410 ppm and 0.0S bar, respectively. For the NB simulations
reported in Figures 2 and SS, a total molecular concentration
of 0.71 M was used.

Because the pK, of the reduced PCET-active agent must be
equal to or greater than pHy.,qdifcation fOr alkalization to that
pH to be possible, the y-axes of Figures 2 and S5 also indicate
the minimum pK, necessary to achieve the Wy, indicated
for CO, capture via pH swing. Based on Figure 2, a DAC cycle
that is required to consume a Wyemo of at least 68.8 kJ
molco, ' (the highest W, considered) can only be enacted

by a pH swing using a PCET-active molecule with a reduced-
form pK, and solubility of at least 144 and 125 M,
respectively.

Quinone derivatives such as 4,5-dihydroxybenzene-1,3-
disulfonic acid (also known as Tiron, solubility = 3 M at pH
0), and 3,6-dihydroxy-2,4-dimethylbenzenesulfonic acid (sol-
ubility = 2 M at pH 0) appear to satisfy the solubility

hermo

16998

requirement,” and Tiron has been deployed for pH-swing-
driven CO, capture.”””" Nevertheless, it has an estimated pK,
of ~9,>" which is too low, and it is prone to rapid
decomposition in its oxidized form.’”> Other quinone
derivatives have excellent stability,”>** but have solubilities
around 1 M or lower. The prospects for finding an ideal
quinone are slim, as most quinones are expected to possess
reduced-form pK, values lower than 12.”> Phenazines are a
different class of PCET-active molecules that have been
deployed for CO, capture via pH swing.'”'"'>?* Neutral Red,
for instance, was recently revealed to exhibit oxygen-stable
CO, capture capabilities, but has a reduced-form pK, of 6.9."
Other phenazine derivatives**~** have higher pK, values (up to
14), and solubilities between 1 and 1.8 M under alkaline
conditions, and thus apparently fare better on the solubility
and pK, criteria. Nevertheless, their solubilities tend to be
strongly dependent on the pH and choice of supporting
electrolyte, and more extensive studies of pH-dependent
solubility would be necessary to establish their suitability for
DAC.

On the other hand, the Wy, of 68.8 k] molco,™!
used to drive a DAC cycle via NB if log(K;) > 12, with the
only constraint on molecular solubility being that it affords a
greater concentration of CO,-bound charge carriers than the
solubility of CO, at the 1 bar exit stream (i.e, Pco,ma >

can be

Pco,exit)- This constraint translates to K,Pco,ou Q7] >

[CO,]; bay Where [Q7] is the concentration of reduced but
CO,-free charge carriers at State 2. We found that this
requirement is satisfied with our assumed molecular solubility
of 0.71 M and log(K;,) > 3 for a CO, solubility of 0.28 M at 1
bar, the highest solubility we are aware of (in acetonitrile®) for
CO, among solvents that have been considered for NB-driven
capture.’” Several NB-active molecules that have been
introduced in past studies have solubilities and CO,-binding
coefficients that render them suitable, such as 4,4"-azopyridine
(solubility = 1.18 M in dimethyl sulfoxide, log(K;,) = 12.8)*"
and 2,6-di-tert-butyl-1,4-benzoquinone (solubility > 0.43 M in
dimethylformamide,** log(K,) = 15*); this is especially so
given that the solubility of CO, is lower than 0.28 M in many
other solvents, besides acetonitrile, that are appropriate for
electrochemical applications (e.g,, 0.18 M in dimethylforma-
mide,*’ 0.14 M in dimethyl sulfoxide, and 0.13 M in propylene
carbonate). It follows that for a DAC cycle with a minimum
Wihermo at the upper end of the range considered in Figure 2,
NB- rather than pH-swing-driven capture is likely to be more
practically feasible, provided it is possible to stabilize the
molecule(s) used against oxidation by O, in air.**
Zero-Dimensional Model of pH-Swing-Driven CO,
Separation. Having established the fundamental importance
of exergy loss in governing the minimum energetic cost of any
electrochemical CO, separation cycle, we now turn to how the
total energetic cost of CO, separation may vary in operating
cells. In addition to the exergy losses described above, any
electrochemical system will consume extra work to drive a
specific current. This additional work, which we denote
hereafter as a cell loss,” may be required to overcome an
Ohmic series resistance (e.g, due to the resistance of the
membrane), and to drive interfacial charge transfer and mass
transport.”> Understanding how cell and exergy losses
compose the total work, and the relationship between this
total work and the rate of CO, capture, is critical for the design
of electrochemical CO, separation systems that optimize the
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trade-off between the energetic cost and rate of CO,
separation. From a modeling perspective, this task is
challenging because the voltage—current relationship—from
which total work is calculated—is the result of a complex
interplay among several dynamic variables/processes, which
are schematically illustrated in Figure 3 for a pH-swing
separation cycle driven by PCET. Here, the applied current
determines not only the cell’s voltage losses but also the rate of
change of the electrolyte’s SOC and total alkalinity (TA).*
The electrolyte’s TA regulates its DIC speciation and pH, but
the pH determines the open-circuit potential of the cell—via

the Nernst Equation—and the kinetics of reactive CO, capture
or release, which in turn influences the trajectory of DIC. Any
model that considers these dynamic, recursive relationships
must also accommodate the numerical stiffness induced by
widely varying timescales at which different processes can
occur (e.g., CO, capture occurring more slowly than the rate of
change of SOC).

We addressed this challenge by modifying a zero-dimen-
sional electrochemical model recently developed by us of
capacity fade in organic redox-flow batteries.”* While the
previous model considered the interaction between electrolyte
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decomposition and capacity retention, the model in this study
examines the impact of changes in the electrolyte’s
composition (pH, DIC, and SOC) from electrochemical
PCET and CO, capture/release on the total energetic cost
and rate of CO, separation. The model system was a flow cell
with a 7 mL capacity-limiting electrolyte (CLE) containing
158 mM of a molecule active for a 1e”, 1H* PCET reaction (Q_
+ e + H" & QH), and a 40 mL non-capacity-limiting
electrolyte (NCLE) comprising 200 mM of the same molecule
but without the PCET activity. We assumed a Nernstian
relationship between pH and the open-circuit potential of the
CLE (eq S47). Voltage losses due to an Ohmic series
resistance and mass transport were considered, and losses from
interfacial charge transfer were governed by Butler—Volmer
kinetics, as outlined in our previous work (eq $50).**

CO, capture and release were assumed to occur at the
interfacial contact area between the CLE and its headspace gas
(Acontact), With the capture step rate-limited by liquid-phase
diffusion of CO, and reaction with OH™."”** Assuming the pH
within the electrolyte is spatially homogeneous, and that
aqueous CO,, HCO;™ and CO5”™ are in equilibrium, this rate
(Reapturer in mol s71) is™

Rcapture = [COZ]*Acontactﬂ DCOZkOHf[OH_] (4)

where [CO,]* is the aqueous concentration of CO, in
equilibrium with the gas-phase partial pressure of CO,, D, is

the diffusivity of CO, in water (1.2 X 107 cm* s™'), and kg
is the bimolecular rate constant of CO, hydroxylation (CO, +
OH™ < HCO;"). Henry’s law dictates that [CO,]* = Pco_jnlet

X H, where H is Henry’s law constant for CO, in water (35
mM bar™). CO, release was assumed to occur via physical
desorption when [CO,] < [CO,]* at a rate (Rrelease) governed
by the mass transport coefficient of CO,, ky:*’

R _kLAcontact([COZ] - [COZ]*) (5)

release —

Figure 4 shows the simulated cell potential, pH, [CO,] and
DIC for a baseline constant-current, constant-voltage (CCCV)
cycle in the absence and presence of 0.05 bar of CO, at an
applied current density of 10 mA cm™. Each half-cycle
terminated once the voltage hit +0.4 V and the current density
during the CV step decayed to 1 mA cm™> Charge and
discharge correspond to reduction and oxidation of the CLE,
and deacidification/CO, capture and acidification/CO, release
via appropriate changes in TA, respectively. Parameters
describing the electrochemical properties of the flow cell and
CO, capture/release kinetics are summarized in Table S3. In
the absence of CO,, the voltage hysteresis between charge and
discharge (Figure 4a) is due only to cell losses, whereas there is
no hysteresis in the pH vs SOC profile as expected (Figure
4b). In the CO,-concentrating cycle, we assumed that the CLE
was exposed to a feed CO, gas at 0.05 bar during charge, and
then to 1 bar during discharge once the pH dropped below 9
(at which point [CO,] < [CO,]*). Upon charge, the DIC
increased steadily with increasing SOC, from 1.81 mM at SOC
=0.01 to 106 mM at SOC = 0.99. The switch from CO, partial
pressure of 0.05 to 1 bar during discharge incurred a spike in
DIC because [CO,] < [CO,]*, but at SOC = 0.75, [CO,] >
[CO,]* and CO, release was so rapid that [CO,] and [CO,]*
were nearly identical for the rest of the discharge half-cycle and
w, = 0.002 kJ molco, . The negligible exergy loss

exergy,release™
during the release of CO, is a consequence of the high values

17000

assumed for k;, (0.05 cm s7'), and A pue (48 cm?), which
enhance mass transfer of CO, from the solution to the gas
phase. In situations where substantially lower values for k; and
Acontact are expected, or there are other factors retarding CO,
release not considered by the present model, such as bubble
formation, Wexergy’release may become significant. The absence of
exergy losses during CO, release is consistent with past work
showing that CO, generation from acidified bicarbonate
solutions is spontaneous relative to CO, capture into alkaline
solutions.”” Note that we also ignore exergy losses caused by
temperature discontinuities within the electrolyte stemming
from the reaction between CO, and OH™.

In the presence of CO,, there is significant hysteresis in the
pH profile; this is because, although the pH increase during the
charging half-cycle is insensitive to the presence of CO,, the
pH decrease upon discharge is buffered by (bi)carbonate.

Because the model keeps track of the cell's potential and
current, as well as DIC, [CO,] in the CLE and P¢g, in the
CLE’s headspace over time, one can calculate not only the total
work per mole of separated CO, but also the component of
this work attributable to exergy losses, cell losses and Wmm,theor.
This breakdown is shown in Figure S for the data in Figure 4,

- wkineticsﬂranspon
50 — I Wopmic -

’- Vvthermo
or 1Wonmic = 7.24 kJ moleo,™
) § Wiinetics+transport = 1.28 kJ mMolgg,”
S 30} |
£
-
x 20 JWihermo = 33.5 kd molcq,
5
s
10 4 )
- Winin theor = 7-42 kJ molgg,
0

Figure 5. Total energetic cost of CO, separation in the baseline
simulation in Figure 4 expressed as a sum of Wipemo (which includes

exergy losses) and cell losses (Wopic + Wignetics +transport)*

where cell losses are decomposed into a lumped contribution
from charge transfer and mass transport losses and a second
contribution from the Ohmic loss. W,y,, was calculated
according to

T/_Vechem = ‘¢‘E a¥
ADIC (6)

released

where y is the charge passed and ADIC,.,.q is indicated in
Figure 4c. Applying this equation to the data in Figure 4a,c
yielded a value of 42.0 k] mol¢o, " As calculated from eqs S13

and S17 using numerical integration, total exergy 1osses,

Wexergy,capmr; W eserey releaser amounted to 20.5 kJ moICO

exergy,

Using the model’s output, it is also possible to calculate the
net rate of CO, removal from the inlet feed per geometric area
of the cell (Ageo)l (ADICreleased X VOIumeCLE)/(Tcycle X Ageo)!

denoted hereafter as CO, productivity (®co,) in molco, m™
h™". For the data in Figure 4, the D, value was 0.98 molcq,
m™> h™'. Our model therefore affords an approach for
exploring relationships among exergy losses and the total
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energetic cost and rate of CO, separation. Leveraging this
framework, we focus in the next section on assessing
performance limits for pH-swing-driven CO, capture for a
few application-oriented case studies.

Assessing Energetic Cost and Rate of CO, Capture in
Application-Oriented Case Studies. Given the increasing
uptake in stationary power generation systems of natural gas as
a substitute fuel for coal, the baseline scenario in Figure 4
considered a CO, feed at 0.05 bar as representative of flue gas
from a natural gas plant.”' It did not consider a reduction in
Pcoiner as the CO, capture progressed. Nevertheless, an
important practical criterion for point source capture
applications such as flue gas capture is that a majority of the
CO, in a given feed is removed.”® We therefore also simulated
CO, removal from a series of finite-sized gas inlets where inlet
Pco, decreases during the capture step in proportion to the
amount of CO, removed.

Figure S6a shows the energetic cost of CO, capture from a
0.05 bar input feed and release to 1 bar as the size of the gas
inlet decreases and the fraction of CO, captured (denoted
hereafter as f) increases. The total energetic cost increases
significantly as the input size decreases, from 42.0 kJ mol¢o, ™"

for an inlet of infinite size (i.e., a fixed Pco e and f = 0), to
107 kJ molco,™ for a S0 mL inlet reservoir, where f is 0.99.

The energetic cost mainly comprises the exergy loss from CO,
capture, which would be expected to increase with a decrease
in the gas inlet size and thus a decrease in average Pcq_jnler- The
increase in the energetic cost for CO, capture with increasing f
corresponds to a decrease in ®p, from 0.98 molco, m>h™!
for the infinitely large inlet to 0.20 molco, m™ h™" for the SO
mL inlet (Figure S6b). Again, this result is reasonable because
as Pco, in the inlet feed decreases, so does the rate of CO,
capture according to eq 4. A notable implication of this finding
is that lab-scale electrochemical measurements of flue gas
capture of CO, in which the inlet Pcq, is fixed, or exhibits a
negligible decrease, might severely underestimate energy
penalties that would be incurred in practical situations where
near-complete extraction of CO, from a given feed is desired.

17001

Figure S7a shows the effect of changing the applied current
density during CCCV cycling on the energetic cost of the CO,

concentration for an inlet of 200 mL and initial inlet Pco, of

0.05 bar. The total energetic cost increases from 41.2 kJ
molco, " at S mA cm™ to 105 kJ molco, ™' at SO mA cm™, and

137 kJ molco, ™" at 100 mA cm™. Clearly, the increase is

mainly attributable to an increase in cell (especially Ohmic)
losses rather than exergy losses. Corresponding to this increase

in energetic cost is an increase in ®¢q, from 0.37 molco, m™>

h™ at 5 mA cm™ to 2.6 molco, m2h™! at 50 mA cm™ and
3.3 molco, m™ h™' at 100 mA cm™> (Figure S7b). This
increase in @, originates from the shorter cycle periods

associated with the increasing current density. Despite the
shorter cycle periods, CO, uptake approaches completion (f =
0.97) within the range of current densities tested because of
rapid reactive capture of CO, relative to the cycle period,
which is lengthened by the inclusion of a CV step. In the
absence of this CV step (ie, constant-current cycling), f
decreases to 0.30 at the highest current density of 50 mA cm™>
(Figure S8), where the cycle period is apparently too short for
CO, removal to approach completion. Note that for constant-
current (CC) cycling at S mA cm ™, the cycle period is long
enough for the CO, invasion to go to completion (f = 0.97),
"and @, of 0.38

molco, m™ h™', virtually identical to the CCCV analogue

with an energetic cost of 40.8 k] molco ~

shown in Figure S7.
Figure 6 shows that the above relationships among f, ®co,

and W,g.n can be understood in terms of the difference
between the time allotted for deacidification/CO, invasion
(during CCCV and CV cycling), and that required for reactive
CO, capture. As shown in Figure 6a, the longer the invasion
time, the more gas- and solution-phases of CO, approach
equilibrium, leading to higher f and lower Wexergy’capmre
(Werergy,release 1s negligible in all cases). There is a prominent
“knee” in the f vs invasion time profile around 45—50 min,

after which f and Wexergy’capmre approach 0.99 and 29.8 kJ
molco, ", respectively. We hypothesize that this knee occurs

where the duration of the deacidification/CO, invasion half-
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cycle (tvasion) Degins to exceed the time required for reactive
capture of CO, (teyprure)- AS tegprure €Xceeds the invasion time,
[CO,] progressively subceeds [CO,]* during the invasion
step, causing Wexergy,capture to increase and f to decrease. f e
can be estimated by dividing the initial amount of CO, in the
200 mL inlet gas reservoir (in moles) by R spture from eq 4.
However, because P, i (and thus [CO,]*) and [OH] can
decrease during CO, capture, R ., Will not necessarily be
fixed. We therefore calculated a range for f . based on two
extreme cases: one, representing a scenario with a small change

in the pH of the CLE, where average Pco_ iy and [OH™] are

0.02S bar and 0.08 M, respectively, and another scenario where
average Pco i and [OH™] are 0.0075 bar and 2.40 mM. This

calculation yields a f . range of 1.77—34.1 min (see gray
zones in Figure 6), with the upper limit preceding the
occurrence of the knee by about 10 min.

The competition between cycling and reactive capture time
scales also governs the @, vs invasion time profile (Figure

6b), which exhibits a maximum around ~4S5 min. Below this
point, there is progressively less time for the complete removal
of CO,; above it, the increasing cycle period induces no
additional CO, capture as f ~ 1.

These results provide some guidance on where homoge-
neous catalysis is likely to be effective in improving the rate
and energetic cost of CO, separation. Because catalysis reduces
the time-averaged difference between [CO,] and [CO,]*%, it
will be more effective in increasing ®co, and decreasing

17002

Weergycapture 35 the absolute value of [CO,] — [CO,]*
increases, which occurs as invasion durations fall short of the

teapture Tange indicated in Figure 6. To verify this, we quantified

the change in ®cq, W,gem and Wexergy,capmre brought about by

a 10-fold increase in ko (from 8,500 to 85,000 M~ s™') for
CCCV cycling at 10 and 20 mA cm™> (blue data points in
Figure 6a,b). These current densities resulted in invasion half-
cycle periods of 49.4 and 14.5 min, respectively, i.e, at high
and low fia60n- In the former case, where fiyvaion > feaptures

W,hem decreased modestly, from 52.7 to 43.1 kJ molco, ™,
whereas @, was virtually identical to its uncatalyzed

analogue (blue arrows in Figure 6a,l)). In the latter case,
there was a slightly larger decrease in W, from 103 to 91.4
k] molco, ™", and a dramatic 3-fold increase in @, from 0.34

to 1.1 mol m™ h™, in line with our expectations.

We also investigated the energetic cost of electrochemical
concentration of CO, from its partial pressure in atmosphere
(410 ppm) to 1 bar, as DAC is increasingly being seen as an
important option in our portfolio of climate stabilization
strategies.” Figure 7 reports potential, pH, DIC, and [CO,]
over a CO,-concentrating cycle where Pcq i Was fixed at 410

ppm. All other parameters from the baseline scenario in Figure
4 were retained, except for the current density of 10 mA cm™2.
Cycling at 10 mA cm™ in 410 ppm afforded such a low cycle
period (compared to the time scale required for DAC) that
DIC at the end of invasion (1.28 mM) was lower than [CO,]*

at 1 bar (35 mM), making outgassing thermodynamically
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impossible (data not shown). We therefore reduced the
current density to 2 mA cm ™2 Under these conditions, DIC at
the end of the charging half-cycle (Figure 7c) was 47.9 mM,
and Wy, and Do, were 142 k] molcoz_1 and 0.07 molco,

m~> h™', respectively. Out of the total of 142 kJ molco, ™,
about 133 kJ molcoz_1 is attributable to Wiyeme, which is

reasonable given that DAC has slow kinetics. The slow kinetics
leads to a [CO,] that is lower than its equilibrium value at 410
ppm before outgassing is initiated, and results in a higher
Wihermo than would be inferred from Figure 2, where
equilibrium is assumed. Therefore, some combination of a
higher A ., and an increase in CO, hydroxylation/hydration
kinetics (e.g., via homogeneous catalysis, or a much higher

[Qy]) would further improve W,g,.,, and Do,

Experimental Implications. The results from the above
zero-dimensional model and exergy loss analysis have several
implications for electrochemical CO, capture research and its
further development for industrial application.

First, they provide a framework for understanding how
thermodynamic and kinetic factors (exergy and cell losses)
compose the measured energy inputs in the electrochemical
CO, separation processes. Direct comparison between
energetic costs for PCET-/pH-swing-driven CO, separation
in previous studies'”'"** and that of our model is not possible
at present, in part because several parameters required to
describe CO, capture/release kinetics (e.g., Aconucy ki) are
unknown, as is the pH dependence of redox kinetics and
Ohmic resistance. It is nonetheless encouraging that the range
of energetic costs yielded by our simulations (40—140 kJ
molco, " between S and 100 mA cm™ for capture from 0.0S

bar, see Figure S7) is in reasonably good agreement with that
from a recent experimental study™ (60—150 kJ molcp, ™!

between 25 and 150 mA cm™ for capture from 0.1 bar).
The model may be modified to simulate and lend insight into
energetic costs for NB-driven capture of CO,. However,
although there is considerable literature on CO, binding
constants,'”**** relatively little is known about the rate
constant(s) of adduct formation between CO, and redox-
active nucleophiles,41 which is a critical input. It is,
nevertheless, worth noting that many of these unknown
parameters are measurable. A .. and k; can be measured
using string-of-disks or string-of-sphere contactors;*’ rate
constants for CO, binding, and the pH dependence of redox
kinetics and cell resistance can likewise be measured using
standard electroanalytical techniques such as voltammetry and
impedance spectroscopy.” >

Second, because Wiy, and exergy loss are functions of
[CO,], it is possible, in principle, to experimentally assess their
influence on W, if the trajectory of [CO,] within a cycle is
known. Direct measurements of solution-phase CO, have not
been attempted in the electrochemical CO, separation
literature, but are experimentally accessible, using a Sever-
inghaus electrode,” for instance. In future work, combining
real-time measurements of [CO,] with those of Pco, and DIC

(e.g, obtained indirectly via pH measurements, or more
directly, from total carbon analysis), will enable straightforward
assessment of many of the trends simulated in this work, e.g,
between invasion time and CO, throughput (Figure 6b),
invasion time and total work input (Figure 6a), and the impact
of homogeneous catalysis on both (Figure 6a,b).

Third, given its relevance to point source capture, it would
be important for future experimental studies to mimic near-
complete removal of CO, from simulated flue gas feeds, as the
decrease in Pcg, e accompanying such removal can

dramatically increase W, To our knowledge, no exper-
imental studies have examined the impact of a decreasing
Pco,inter ON W, chemy and only one has systematically examined

= . 25
WechemfOr Peo,exit/ Pco,inlet Tatios greater than 1.

Finally, the model and exergy loss analysis presented here
can inform techno-economic assessment of the lowest possible
cost of CO, captured/avoided (in $ tonco,™") in industrial or

other real-world contexts. For instance, for a given rate of CO,
emitted from a fossil plant (in molco, h™") and a desired

degree of extraction (f), one could calculate the optimal
number of electrochemical cells to deploy based on the capital
and operating cost of each cell and the cost of electricity/fuel.
Trade-offs/relationships between the levelized CO, cost and f,

Wecheny OF throughput can also be quantified.

B SUMMARY

The minimum work thermodynamically required to execute
electrochemical CO, separation is the sum of the net increase
in the level of CO, exergy and all exergy losses incurred upon
entry of CO, into and release from the electrolyte. We
computed these exergy losses based on the trajectory of [CO,]
in the electrolyte and the partial pressure of CO, in the gas
phase and showed that they imposed constraints on the
molecular properties required to enact CO, separation via
PCET-driven pH-swing and direct binding of CO, to a
nucleophilic charge carrier. By modifying a zero-dimensional
electrochemical model we previously developed for simulating
capacity fade in organic flow cells,”* we have also shown how
kinetic losses (arising from interfacial charge transfer, Ohmic
resistances, and mass transport) combine with these exergy
losses and compose the total work for pH-swing-based CO,
concentration driven by PCET. We explored the effect of
varying various process and electrochemical parameters, such
as the inlet CO, reservoir size (Figure S6), current density
(Figure S7), and the rate constant of CO, hydroxylation (koy-
) (Figure 6), on the energetic cost (W,q,er,) and rate (@) of

CO, separation, as well as the fraction of CO, removed from
the inlet (f). A key insight from our investigations is that the
difference between the CO, invasion timescale (£,yus0n) and
the time required for reactive capture of CO, (tcapmre) governs
the trade-off/relationship between @, and W When the

echem*
two timescales are comparable, @, is optimally high. But as
t

capture
increases due to increasing exergy losses during CO, capture.
Under such conditions, increasing koy- substantially increases f

exceeds t,.on f and ®@co, decrease, whereas Wy

and ®@o, (Figure 6). This result has particularly important

implications for the capture of CO, from point sources, where
high values of f and @, are desired. Lastly, we showed that

pH-swing-driven CO, capture from air is possible at W, qem
and @, values of 142 kJ molCOz_1 and 0.07 molcq, m~2h™,

respectively, although further improvements are feasible.
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B LIST OF ABBREVIATIONS

CCCV constant-current, constant-voltage
cv constant voltage

CLE  capacity-limiting electrolyte
DAC  direct air capture

DIC  dissolved inorganic carbon

IU invasion underpressure

NB nucleophilic binding

NCLE noncapacity-limiting electrolyte
op outgassing overpressure

PCET proton-coupled electron transfer
SOC  state of charge

TA total alkalinity

B ADDITIONAL NOTE

“This extra work may also be considered an exergy loss, but we
reserve the term in this study for the chemical/stream exergy
losses from CO, capture and release.
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